A hazardous waste is waste that poses substantial or potential threats to public health or the environment. Hazardous waste management is an area of the waste management field concerned with the proper containment, management, and disposal of wastes which could be considered hazardous. In this paper, we use a multicriteria evaluation method, namely VIKOR, for various hazardous waste treatment alternatives under fuzzy environment. These alternatives are physical treatment processes, chemical treatment processes, thermal treatment processes, and biological treatment processes. Under the main criteria, economic, risks, and technical, we consider 11 sub-criteria. The fuzzy set theory let us use linguistic evaluations for the alternatives.
Introduction
Hazardous waste has a chemical composition or other properties that have to be managed in order to prevent its release into the environment that can result in illness, death or other harm to living organisms including humans. The word "waste" means that the substances of concern have no apparent value. And a "hazard" is expressed as the potential of an unacceptable outcome 1 .
The identification of a waste as hazardous waste is the process to determine whether a waste poses a sufficient chemical or physical hazard to merit regulation. At first glance, one would imagine that distinguishing between hazardous and nonhazardous wastes is a simple matter of chemical and toxicological analysis. Other factors must be considered, however, before evaluating the actual hazard posed by a waste's chemical composition 2 . The hazardous waste has one or more hazard characteristics given in Table 1 .
The "hazard" or toxicity (hazards to human health) of the waste is the most important factor in determining how a waste should be managed. Hazardous waste is required to undergo a proper treatment to destroy or render them environmentally acceptable. Handling and disposal of hazardous waste and attending requirements have been substantially expanded and subject not only to technology needs but to the hazardous waste regulatory environment. Hazardous waste management alternatives such as landfilling of wastes are discouraged with the recent regulations whereas new alternative technologies are seek to destroy, stabilize, or treat hazardous wastes by changing their chemical, biological or physical characteristics. The environmental and public health concerns increasingly stringent regulatory climate and encourage the hazardous waste management as a cleanup business 3 .
A hazardous waste management scheme must be justified in terms of scientific evidence, engineering designs and processes, technologic practicality, economic realities, ethical considerations, and local, state, and national regulations 1 . The regulations generally provide a control on the risks associated with hazardous waste which is defined as the likelihood that harm will occur when a receptor (e.g., human or a part of an ecosystem) is exposed to that hazard. Hazardous waste risk range from toxic risks which the probability that a certain population will have an incidence of a particular illness to other risks such as ecosystem stress, loss of important habitats, decreases in the size of the population of sensitive species, public safety and public welfare hazards. The wide range of risks encountered requires specific solutions often at high costs. Facilities that generate, transport, transfer, treat or dispose of hazardous wastes require substantial construction, operating costs and have become extremely expensive and complex. There are usually a range of treatment alternatives for various types of hazardous wastes and their components dependent upon physical and/or chemical properties 3 . A challenge of hazardous waste management is the selection of treatment alternative A reaction usually requires a strong initiator such as an explosive, confined heat or explosive reactions with water. (e.g. wastes from cyanide-based plating operations, bleaches, waste oxidizers, and waste explosives) Toxicity Causing harm to organisms soon after or after a long period of exposure.
Toxic chemicals include pesticides, heavy metals, and mobile or volatile compounds that migrate readily.
considering the technical, economical and risk associated aspects. The aspects of the problem are usually represented in the form of multiple criteria which often express tradeoffs between the management objectives. In order to raise awareness of the tradeoffs between the objectives and compare the differences among the alternatives in an optimizing framework, hazardous waste management decision making may depend upon multiple criteria decision making (MCDM) models which promote participation and synthesis of a wide variety of information.
Hazardous waste management is a complex issue not only because of its broad scope but also because of the wide range of attributes to be assessed. Specifically, risk assessment in hazardous waste management and the comparison of the estimated relative risks or impacts associated with each management alternative relies on attributes and parameters difficult to define with certainty. The components of the risk assessment and decision making process involve both quantitative and qualitative factors. These difficulties constitute a method such as fuzzy logic to be used for integrating the risk levels, uncertainty and valuation mathematically in decision making of hazardous waste management.
In this paper, we aim to present a fuzzy VIKOR methodology to make a multicriteria selection among the treatment alternatives of hazardous waste management. The proposed methodology is applied to a problem case of Istanbul to demonstrate the potential of the methodology. The rest of this paper is organized as follows. The regulations of hazardous waste management are reviewed in Section 2. A summary of the literature on multicriteria decision making for hazardous waste management is given in Section 3. Section 4 includes a brief description of the treatment methods used in hazardous waste management. Then the criteria for the selection of the treatment method are explained in Section 5. The fuzzy VIKOR multicriteria decision making methodology is introduced in Section 6. An application is presented in Section 7. The obtained results and future research directions are discussed in Section 8.
Hazardous Waste Management
The waste amount has increased dramatically after the industrial revolution with the growing consumption of goods. Chemical accidents, spills of hazardous waste or illegal midnight dumping that contaminates property are familiar. Yet, even when hazardous waste is managed or disposed of in a careful manner, it may still pose a serious threat to public health and the environment. For example, toxic hazardous wastes can leak from a poorly constructed or improperly maintained hazardous waste landfill. Such waste contamination can pollute groundwater, the primary source of drinking water for half the nation 2 .
In order to prevent from these severe and irreversible results of the mismanagement of hazardous waste, nations have developed comprehensive regulations and standards. The recognition of the need for regulations is not very old and the first release of the acts of hazardous waste management differs among nations. The first national directives were enacted in 1972 at Germany, in 1976 at USA and in 1995 at Turkey. The common aim of these acts is to create a framework for the management of hazardous waste safely from the moment it is generated; while it is transported, treated, or stored; until the moment it is disposed. The management systems of hazardous waste regulated by the acts mainly establish requirements for the following 2 :
 Procedures for hazardous waste identification and classification.  Provisions for facilitating hazardous waste recycling and universal wastes safely  Standards for hazardous waste generating facilities  Regulations for waste reduction and minimization  Regulations for hazardous waste transporters  Standards and provisions for treatment, storage, and disposal facilities and units  Restrictions on land disposal  Standards on units conducting combustion of hazardous waste.  Designing corrective action against any spills or releases into the environment  Permitting, inspection and enforcement based on these regulations As listed above, hazardous waste management comprises a diverse range of activities including identification, reduction, recycling, segregation, modification, treatment and disposal. These activities can be classified in two folds. One fold is the activities aiming to produce less amount of waste such as reduction and recycling. Yet, an amount of waste is generated that need to be dealt with the second fold of the activities, namely treatment or disposal. A general overview of the hazardous waste management is illustrated in Figure 1 . Historically, disposal was presented as a form of treatment on the grounds that after disposal the characteristics of deposited wastes frequently changed as a result of degradation, a phenomenon that greatly increases the potential of hazards on human health and environmental pollution. Thus, disposal methods such as land filling, dumping or spilling have been restricted with additional precautions designed to protect soil, water, and air resources. Treatment of the hazardous waste is the ultimate aim to remove or modify the characteristics of a substance that render it hazardous and perhaps add a value to the waste. A challenge is to identify the hazardous waste treatment options and select the best option in view of the risks, effectiveness and costs associated these options. The hazardous waste risk management framework is represented as in Figure  2 .
Literature Review
There has been a growing body of literature in the area of risk-based decision analysis on hazardous waste.
Combining the risk analysis with the variety of other aspects of hazardous waste management, many studies make use of decision analysis methodologies by which the technical issues and non-technical issues such as cost and effectiveness are considered.
Fig. 2. Hazardous waste risk management framework
A systematic and consistent decision making approach to dredging and disposal including contaminated sediment management have been developed in Ref. 5 . They have identified and evaluated environmentally acceptable and cost-effective disposal alternatives within an effective decision making framework for costs, risk reduction and potential beneficial uses of the disposal material. They have considered tree alternatives, deepwater confined disposal, near shore fill or capping and, upland disposal in the presented hypothetical disposal scenario and adopted a risk-cost trade off approach in making decisions. Their approach entails the performance of sequential evaluations consisting of risk analysis, estimation of costs, integration of the results into a computational framework for trade-off analysis, and the application of decision analytical tools to build consensus among stakeholders and the general public in selecting a preferred alternative. The decision problems related to hazardous waste management system have been investigated by many approaches including mathematical models in the search for an optimal strategy. A multi-objective integer programming approach to select hazardous waste treatment and disposal facilities, and transportation routes have been employed in Ref. 6 They searched the best alternatives for two objectives; minimization of total cost, which includes treatment and disposal costs (sum of the capital cost, operation and maintenance cost of the treatment and disposal facilities), and transportation cost as well as minimization of total risk, which includes waste treatment and disposal risk as well as risk involved in waste transportation. They aimed to find the optimal location of treatment and disposal facilities, waste quantities traveling on the transportation links and waste quantities being processed at the treatment or disposal facilities under the constraints such as waste-technology compatibility, allowable capacities for treatment and disposal technologies at specific sites, etc. Finally, they presented an example problem to perform sensitivity analysis in order to study the effect of change in the preferences of the objectives in the utility function and the weightings given to the objectives. Radioactive waste attracts a special consideration in hazardous waste literature. In this research stream, Ref.
7 proposed a decision support system for the identification of optimal remedial strategies to restore water systems after accidental introduction of radioactive substances. This decision support system includes an evaluation module based on a multiattribute value model to rank alternatives and a module to perform multi-parametric sensitivity analyses, both with respect to weights and values, to allow us to gain insights into the problem. Ref. The hazards of contaminated dredged material disposal and the associated risks and costs which are highly uncertain have been incorporated in the decision analysis using fuzzy set theory 11 . By this means, these uncertainties and the risk-cost trade-offs are explicitly considered selecting an appropriate management alternative in the proposed multicriteria decision framework.
A crisp and a fuzzy approach which are applied in dam safety and nuclear industries for risk-based decision analysis are investigated in Ref. 12 . One of the approaches is the structured explicit decision analysis, in the case of dam safety, which develops consistency to a complex decision problem through simplification. The major decision objectives and goals, which are summarized in regulatory compliance, risk control, and cost-effectiveness, are used to structure the process. The structured process needs to: (a) satisfy regulatory standards, (b) identify actions and measures to control life-loss and economic risks, and (c) evaluate costs and cost-effectiveness to justify, rank, select, and prioritize actions. The second approach which is used in the case of the utility and nuclear industries is the implicit multicriteria decision analysis. The proposed decision process requires the identification of the decision criteria relevant to the problem in hand, and the specification of the relative importance of the criteria by means of value eliciting from managers or stakeholders. After that, decision alternatives are scored against the decision criteria and then ranked based on the multiattribute theory. This approach commonly employs ranking schemes as fuzzy logic and heuristic methods. One can infer from Ref. 13 the use of the approaches investigated in their former paper for the management of contaminated ground water resources problem. They used health risk assessment and economic analysis through a multi-criteria decision analysis framework to select the best remedial alternative. The decision criteria set included maximum individual risk, expected individual risk, population risk, risk index, and cost per cancer case avoided or cost per life saved. Three potential approaches were investigated for alternative ranking, a structured explicit decision analysis, a heuristic approach of importance of the order of criteria, and a fuzzy logic approach based on fuzzy dominance and similarity analysis.
Hazardous Waste Treatment Methods
The objective of waste treatment is to modify the physical and/or chemical properties of the waste to make it suitable for safe disposal 4 . Treatment methods are often used prior to ultimate disposal of the hazardous wastes. The treatment technologies convert the waste into a more innocuous form, or immobilize toxic components so that it will not migrate and present a hazard when released into the environment. Treatment technologies are characterized by their effectiveness to treat specific waste types, their waste residue generation factor, the cost and the risk considerations associated with them 14 . The hazardous waste treatment processes may be classified in four main groups:
(i) Physical treatment processes (ii) Chemical treatment processes (iii) Thermal treatment processes (iv) Biological treatment processes
Various methods are used under these three groups of treatment processes. Some of them are listed in Table 2 . By physical treatment methods, a waste is often separated into its constituents. The principle of separation is related to a physical property such as particle size or relative density. The physical separation processes are often applied for the primary purpose of isolating components of a waste for recovery. In the context of final disposal, separation is useful to reduce the quantity or hazardousness of the residue and simplify the process. Some of the separation methods such as filtration, centrifuging, sedimentation, etc. depend on different physical principles or different phase of wastes such as solid waste or liquid waste. Encapsulation is also a physical treatment method by which hazardous wastes are converted into a form designed to prevent or significantly reduce release into the environment. Hazardous materials are immobilized by stabilization and incorporation within a solid matrix such as cement concrete or proprietary organic polymers. It is commonly used prior to land filling. By chemical treatment methods, the chemical structure of the hazardous waste material is converted into substances which have no or less hazardous properties. The process may be described as the alteration of the chemical nature/structure of the hazardous constituents of a waste using chemical reactions. Some of the chemical treatment processes and the common elements used in these processes are illustrated as follows: neutralization occurs by the reaction of the waste acid with an alkali, oxidation is started with common oxidizing substances such as hydrogen peroxide or calcium hypochlorite, reduction is used to convert inorganic substances to a less mobile and toxic form by the use of chemicals, hydrolysis is the decomposition of , ion exchange removes dissolved salts primarily inorganics from aqueous solutions, precipitation is mainly used to convert hazardous heavy metals to a less mobile, insoluble form. A commonly-used treatment method which may also be classified as a chemical process is combustion. Thermal treatment which is generally named as combustion is the reaction of hazardous wastes with oxygen sometimes in the presence of an external energy source. If the waste material is completely organic in structure, it is, in theory, completely destructible using principles based in thermodynamics. Energy may also be produced during the reaction and the heat may be recovered. However, in combustion potentially more risky off-gases containing chlorinated hydrocarbons and/or ashes containing heavy metals are produced 1 .
By biological treatment processes, certain compounds of waste substances are broken down by miocroorganism based activities through metabolism to provide nutrient energy or through co-metabolism. Effective processing depends on selecting a microorganism suitable for the species requiring treatment, and on carrying out the treatment under conditions which are suitable, including careful control of the nature and composition of the waste. Generally, biological processes destruct the organic wastes in theory and have little effect on inorganic wastes including metals, although some absorption into a sludge phase may occur with some processes. Another issue is that biological processes become less efficient as concentrations of treatable constituents diminish 15 .
During all treatment processes, the input waste must be monitored and possibly controlled also to maintain environmental conditions that do not upset or destroy the microorganisms in the system. Some of the monitoring and control requirements for each of the systems include temperature, pH, oxygen availability, additional food sources, etc. 1 . The various biological processes fall into two main categories; aerobic processes in which the presence of oxygen is necessary, and those operating in oxygen free conditions, known as anaerobic processes 15 .
Risk Assessment Criteria
It is essential to identify the decision objectives and the set of comprehensive and non-redundant criteria corresponding to the objectives in decision analysis. The immediate objectives in hazardous waste management typically include reducing the risks and minimizing the costs. Technical efficiency may also be included in the objectives with an attention on the hazardous waste treatments.
The criteria corresponding to the objectives have been specified as the capital costs, operations and maintenance costs, land costs, waste-treatment technology compatibility, efficiency of offsetting hazard potential, pollutant removal efficiency, human health risks, ecological risks and transportation risks. 
Fuzzy MultiCriteria Assessment
VIKOR initiated by Ref. 16 , of which the compromise solution should have a maximum group utility (majority rule) and minimum individual regret of the opponent, is proposed to deal with multicriteria decision-making problems. VIKOR method is based on the compromise programming of MCDM. The method works on the principle that each alternative is evaluated by each criterion function; the compromise ranking is presented by comparing the degree of closeness to the ideal alternative 17 . In fuzzy VIKOR, it is suggested that decision makers use linguistic variables to evaluate the ratings of alternatives with respect to the criteria. Fuzzy set theory uses approximate information and uncertainty to generate decisions. This makes it favorable for human reasoning, intuition, judgment, perception and preference which are generally vague and difficult to measure. Since knowledge about real-world problems, which has imprecision in the variables and parameters, can be expressed by fuzzy sets, many engineering and decision problems have been simplified and processed using fuzzy techniques. A fuzzy approach has been applied to classical VIKOR to capture the imprecision in the evaluations of the decision makers. The use of fuzzy VIKOR is summarized in steps as follows 18, 19 :
Step 1: A group of decision-makers (denoted with k) identifies the evaluation criteria (denoted with n) and the alternatives (denoted with m).
Step 2: Appropriate linguistic variables for the weights of the criteria and alternative ratings are chosen. Examples of linguistic variables corresponding to fuzzy scores are given in Table 3 Medium Good (5 , 7 , 9) Good (7 , 9 , 10) Very Good (9, 10 , 10) Fig. 4 . The triangular fuzzy scores for alternative ratings.
Step 3: The linguistic evaluations of the decision makers are collected to calculate the aggregated fuzzy weights of the criteria, and aggregated fuzzy rating of alternatives. (1)
Step 4: Fuzzy decision matrix is constructed for the implementation of VIKOR. A fuzzy multicriteria decision making problem can be expressed in matrix format as follows:
 
Step 5: Fuzzy best value (FBV; S is the maximum majority rule, and * R is the minimum individual regret of an opponent strategy. As well, v is introduced as weight of the strategy of the maximum group utility, usually set as v = 0.5.
Step 8: Step 9: The best alternative is determined as the one with the minimum i Q .
Application
The city of Istanbul and the area close to Istanbul is the most industrialized area in Turkey. As expected, this area also serves as an inhabitation area for the highest portion of the population in Turkey. Thus, the hazardous waste resulting from the industry and high population density make up a considerably high amount. However, the facilities for the treatment of hazardous waste are very limited or almost not available in this area. The limited number of hazardous waste treatment facilities is not enough to treat the amount and the types of the hazardous waste generated presently. In Turkey, the industrial waste amount was stated to be 12,5 million tons, of which 1,14 million tons were in the category of hazardous waste in 2008 Table 5 . The hazardous waste generated in the Asian part of Istanbul and the neighboring city Izmit which is also a highly industrialized area is mainly treated in the treatment facility located in Izmit. This facility treats the hazardous waste by combustion with a burning capacity of 35.000 tons/year and storage capacity of 160.000 tons/year. In spite of the high amount of hazardous waste generated in Istanbul, the capacity and the types of treatment technologies available in this area are very limited and scarce. Hazardous waste treatment facilities are required in the areas such as Istanbul which are 
highly industrialized with high density of population for both the minimization of the costs and stress on human health and ecology. There has been considerable attention on the need for additional treatment facilities and plans have been generated for fulfilling this need. However, it is important to decide which treatment technologies is adequate based on the waste types and quantities generated, the risks associated with these waste and the economical perspectives of the treatment technologies. We propose to use a MCDM, fuzzy VIKOR as presented in Section 6, for the decision making of treatment methods for Istanbul area. The treatment method alternatives for Istanbul are identified as the ones explained in Section 4. These alternatives include:
 Biological treatment (T 4 )  No treatment (direct disposal, e.g. land filling) (T 5 ) The objectives of the decision making for treatment methods are identified as minimization of costs and risks and maximization of technical efficiency. Thus, the criteria corresponding to the economic objectives are determined as capital costs (C 1 ), operation and maintenance costs (C 2 ) and land costs (C 3 ). The risk criteria are specified as human health risks (C 4 ), ecological risks (C 5 ) and transportation risks (C 6 ). The technical criteria are represented by wastetreatment technology compatibility (C 7 ), efficiency of offsetting hazard potential (C 8 ), waste residue (C 9 ), resource recovery (C 10 ) and capacity (C 11 ). These criteria were explained in detail in Section 5 and listed in Table 6 . After determining the evaluation criteria and the alternatives, the steps of the fuzzy VIKOR are employed. Evaluations of three decision maker are used in the analysis. In order to determine the importance of each treatment decision criterion and the ratings of the alternatives with respect to the criteria, decision makers used the five point scale and the seven point scale given respectively in Table 2 and 3. The evaluations of decision makers for the weight importance and the overall fuzzy weights of each criterion of which are calculated according to Eq. (1) are given in Table 7 . Next step is to gather the decision makers' ratings for the treatment alternative with respect to each criterion. Then, these ratings are aggregated into an overall rating according to Eq. (2). Using these overall ratings, the decision matrix is constructed as given in Table 8 . Then, separation measures from the fuzzy best value i Table 10 gives the results of the fuzzy VIKOR analysis. According to the crisp Q i values, the ranking of the alternatives is found to be T 3 , T 2 , T 1 , T 4 and T 5 . The best alternative is identified as T 3 by which thermal treatment methodologies (combustion) was denoted. The second best treatment methodology is concluded as T 2 , which is representing the chemical treatment. And the ranking order follows as T 1 , physical treatment, T 4 biological treatment and T 5 no treatment but directly disposal.
Conclusion
In today's industrialized world, hazardous waste is inevitable however it poses a high risk if it is not managed properly. Hazardous waste risk range from toxic risks including the probability of a certain population have a particular illness to other risks such as ecosystem stress, loss of important habitats, public safety and public welfare hazards. Thus, the ultimate goal to manage hazardous waste safely from the moment it is generated; while it is transported, treated, or stored; until the moment it is disposed with the minimum cost. Turkey is a developing country with a high industry growth and high population. However, the attention given to hazardous waste management is not sufficient. The first hazardous waste management controlling directive was announced 25 years ago. And yet, hazardous waste management activities have not been organized effectively to fulfill the need for dealing with the generated waste types and amounts. Therefore, we have proposed a fuzzy VIKOR multicriteria decision analysis for the selection of the most appropriate hazardous waste treatment methodology. Then, an application was presented to show the potential of the proposed methodology for the case of Istanbul. In the application problem was designed to select among the physical, chemical, thermal, biological treatment processes or a disposal option without any treatment process. The alternatives were evaluated with respect to eleven criteria. The results of the decision analysis which was based on the evaluations of three experts from Istanbul suggest that combustion is the treatment alternative which fits Istanbul's hazardous waste management needs best. The treatment methods to be considered next in an order are concluded as chemical treatment, physical treatment and biological treatment. The last option for hazardous waste to be considered is found to be direct disposal without any treatment. In the future research, similar studies can be conducted for the selection of specialized treatment methodologies which are appropriate for specific waste groups. Besides, the problems may be solved by different multi-criteria decision-making methodologies such as fuzzy PROMETHEE, fuzzy ELECTRE or fuzzy TOPSIS.
